The aim of this paper is to explain the chloride concentration profiles obtained experimentally from control samples of an offshore platform after 25 years of service Ufe. The platform is located 12 km off the coast of the Brazilian province Rio Grande do Norte, in the north-east of Brazil. The samples were extracted at different orientations and heights above mean sea level. A simple model based on Fick's second law is considered and compared with a finite element model which takes into account transport of chloride ions by diffusion and convection. Results show that convective flows significantly affect the studied chloride penetrations. The convection velocity is obtained by fitting the finite element solution to the experimental data and seems to be directly proportional to the height above mean sea level and also seems to depend on the orientation of the face of the platform. This work shows that considering solely diffusion as transport mechanism does not allow a good prediction of the chloride profiles. Accounting for capillary suction due to moisture gradients permits a better interpretation of the material's behaviour.
Introduction
Reinforced concrete structures located in very exposed marine environments present corrosión damage [1] . In many cases this damage is worse than those predicted by durability models [2] . In these constructions (bridges, oil platforms, offshore loading docks, etc.), the damages seem to reflect a local exposition effect, depending on orientation and wave action.
The pernicious effect that chloride ions present on the deterioration of reinforced concrete due to its influence on the framework corrosión is a widely known phenomenon. The diffusion coefficient is one of the most used parameters in order to evalúate the material's behaviour to ion chloride penetration. The coefficient should be an intrinsic material parameter, depending only on the material characteristics and being independent on its external conditions. When experimental studies are carried out on constructions subjected to marine environments and corrosión damage, chloride penetration profiles of difficult interpretation are found. Assuming that diffusion is the only transport mechanism involved, the position on the structure where samples are found determines appreciably different diffusion coefficients for the same material (same dosage and baten).
Knowledge about the durability of these structures is essential, since the lack of plausible explanations of the mentioned differences is a fact that conditions the repairing projeets of this type of constructions. Thus, in many cases, long service periods may only be assured by the use of external and cathode protection, means which considerably difficult the construction and increase the costs of maintenance of these structures [3] .
In this work, a real construction subjected to a very exposed marine and tropical climate environment, has been studied after 25 years of service. The presented construction showed framework corrosión damage with very pronounced zonation.
There are a large number of works that attempt to predict the material's behaviour to the penetration of aggressive agents, such as C0 2 , Cl~, 0 2 . The majority of these works are based on the analytic solution obtained from Fick's second law [4] or the relationship between the chloride ion concentration and the square root of time described by Tuutti [5] . Models basically differ in the applied simplifications and the boundary conditions used solving the differential equations [6, 7] .
In most of the real situations, chloride transport is not attributed exclusively to a diffusion mechanism. Indeed, the experimental results presented in this work vary significantly in function of the orientation and the height above mean sea level, due to capillary suction. There are a number of authors who propose convection-diffusion models to predict the chloride transport by diffusion and capillary suction mechanisms in concrete [8] . In this paper a chloride penetration model is developed for concretes of 25 years of service life in marine environments. The differences between the experimentally obtained chloride profiles are due to the relative humidity which is directly proportional to the orientation and height above mean sea level. a 5 to 8 s period time. The lower values for the wave periods take place during August and September (6-6.5 s), while the higher ones (8-18 s) appear in January, with predominant direction N and NE and with a height of 0.5-2.0 m.
Due to the high temperatures, associated with a short period of rainfall, the region has a BSw'h climate according to Koppe's classification and a warm tropical bio-climate, according to Graussen's classification. The high temperatures persist during the year, being the average annual temperature around 27 °C.
The insolation period is quite high, mainly during the months from August to January, reaching 8.3 h a day during October and November. The solar exposure time reaches an average of 7.1 h a day during the months from February to July, which presents the most elevated pluviometric rainfall. The average relative humidity of the air is 70.8%, being lower from June to November.
The chemical characterisation of sea water in the region of the platform shows the following results: saline concentration values between 30 and 35%, pH of 8.1 up to 8.4, dissolved oxygen concentration from 4.6 up to 5.8 ml/1 and a water temperature value of 28 ± 1 °C, practically constant from the sea level to the sea bottom.
The platforms floor plan dimensions are 46 m x 53 m (2438 m 2 ) and 25.7 m of height. These platforms are made of 22 periphery cells for weight balance and 20 central cells, intercommunicated, storing that way 23,000 m 3 of oil (Fig. 2) . The specified concrete for the building work had a compressive strength (fc28) of 35 MPa, with a cement content of 450 to 500 kg/m 3 and a maximum w/c ratio of 0.45 (specified value of 0.42 for the side faces). The specified cement type was normal Portland cement, with a maximum C3A content of 8%. The mixing dosage was defined for a w/c ratio of 0.44; plastiment "VZ 0.55", 0.05% "SIKA retarder" and a cement quantity of 490 kg/m 3 . The minimum cover of the passive bars was 5 cm [10,11]. A total amount of 64 samples with a 160 mm average length were extracted. The sample diameters were 75 mm in 54 samples and 100 mm in 10 samples. The samples were extracted from all surfaces except for the eastern one, due to the excessive degradation level of the concrete. The samples were extracted at 4.15 m, 7.15 m, 7.65 m, 9.35 m and 9.85 m above mean sea level in the northern side and at 5.35 m, 7.35 m, 7.85 m and 9.85 m above mean sea level in the western side. The samples were subjected to different conditions due to their different heights, i.e.: the sample extracted at 4.15 m above the mean sea level was more in contact with the seawater than the one extracted at a height of 9.85 m. The latter experienced therefore stronger wetting-drying cycles than the first one. Among the samples, 29 were tested in order to determine the average characteristics of the concrete after 25 years of service. 
Materials and methods
The samples were obtained from a concrete Gravity Based Structure (GBS) for offshore oil production [9] . This structure is located 12 km away from the coast of the Brazilian province of Rio Grande do Norte, in the north-eastern part of Brazil (Fig 1) .
In this area, the time distribution of wind directions does not show big variations. The predominant directions are East-West (E-W) and North-East South-West (NE-SW).
The E-W direction is predominant between November and April (48%) and is followed in frequency by the NE-SW direction (26.5%). Between May and October the predominant direction is NE-SW (51.3%) followed by the E-W direction (35%). The winds show low intensity (13-15 km/h) from November to April and mild intensity (20-30 km/h) from May to October. Waves generally come from the East and are also generated locally. These waves are 0.5 up to 1.0 m high with
Results
Table la presents the average characteristics of the concrete, according to the test results carried out after 25 years of service life of the structure. The characteristics of the core samples are listed in Table lb . Fig. 3 shows the chloride contents for different penetration depths and different heights above mean sea level, where the reinforced concrete samples were extracted from the lateral faces of the platform.
At first, the penetration profiles are interpreted assuming that diffusion is the only mechanism involved, and that the concrete
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Table la
Average concrete characteristics after 25 years of service life. is fully saturated. Therefore, a one-dimensional diffusion problem is considered, described by Fick's second law which predicts how diffusion causes the concentration to change with time:
where C is the total chloride ion concentration (% by mass of concrete), D the apparent diffusion coefficient (m 2 /s), x the depth (m) and t the time (s).
Assuming that D is a constant, independent of position variable x, time t, and concentration C, reduces Eq. (1) to:
The analytic solution of Eq. (2) under assumptions of homogeneous concrete, constant surface concentration and one dimensional diffusion into a semi-infinite space is:
\2VDtJ where C 0 = C(0, x) and C s = C(t, 0) are the initial concentration and the surface concentration, respectively. The complementary error function, denoted erfc, is defined as:
The error function solution of Fick's second law was fitted to the experimental chloride concentration profiles. The least squares method was used in order to determine the best-fit diffusion coefficients and surface concentrations. The initial concentration was set to C 0 = 0.007 (% mass concrete) which coincides with the minimum concentration of all the samples. Results of D and C s for the northern side are shown in Table 2 . Figs. 4-6 present the error function solution fitted to the experimental data of the northern face for different sections of height.
Results of D and C s for the western side are shown in Table 3 . Figs. 7-10 show the error solution (3) fitted to the experimental data of the northern face for different sections of height. The surface concentration was calculated by extrapolating the error function solution. Very different values for the diffusion coefficient at different heights and orientations were obtained. It may be considered that all concretes have the same characteristics, implying that the different sample positions define different environments. Since the studied concrete is not saturated, capillary suction has its influence on the chloride ion ingress as well and should not be ignored.
As can be observed in Tables 2 and 3 , the obtained diffusion coefficients vary from 2.7518 to 15.9925 x 10~1 3 m 2 /s. Those coefficients can therefore not be considered as intrinsic material parameters. In addition, note that, if diffusion is not the only mechanism involved, the extrapolation method for determining the surface concentration provides aberrant results for the studied case.
The surface concentration depends on the chloride binding capacity of the concrete, its porosity at the surface, and environmental variables. The value of the bound chloride concentration may be estimated from the existing information on the relationship between bound and free chloride ions [18] . Furthermore, salt crystallization and dissolving phenomena can occur at important heights above mean sea level and influence significantly the surface concentration in wetting-drying conditions.
Discussion
A general tendency of the diffusion coefficient increasing with height above mean sea level is observed. Diffusion coefficients of the northern side are higher than those of the western side, especially at about 9 m above mean sea level. In addition, they grouped more clearly in the northern face than in the western face. It is important to point out as well that surface concentrations are much larger in the northern side than in the western side at every studied height.
When a detailed analysis of the results is to be tackled, one can observe that the obtained diffusion coefficients differ up to one order of magnitude. It is difficult to accept such variation knowing that D is an intrinsic parameter.
These results have two plausible explanations. The first approach may be the significant influence of the surface concentration on the calculation of the diffusion coefficient. This concentration, which is difficult to determine, is usually evaluated extrapolating Eq. (3), which leads to a great dispersion of the obtained values for the diffusion coefficient. This fact has been put on relevance by other authors [6] who suggested the use of a new coefficient denominated "diffusivity", defined as the product D x C s , in order to obtain more comparable results. The obtained results for the analysed samples are listed in Table 4 . It seems as if the diffusivity coefficients are directly proportional to the height above mean sea level. However, the practical use of the mentioned parameter presents a double difficulty. On the one hand, it has no physical interpretation and on the other hand, Eq. (3) does not depend on D in the same way as on C s . As it may be observed, the same value for the diffusivity coefficient does not imply the same concentration at a given depth: this is obvious comparing the profiles of samples 36N and 41N, which have the same diffusivity coefficients. The other aspect that justifies the obtained results is that diffusion is not the only mechanism involved. Previous results indicated clearly that diffusion is not the only transport mechanism present. Indeed, capillary suction plays an important role due to the wetting-drying cycles. The higher above the mean sea level, the more intense the cycles are which generates more capillary suction. Tables 2 and 3 at lower heights are more representative of the real situation, meaning that Eq. (3) gives much better results near the sea level. Tables 2 and 3 show that, at heights near the mean sea level, the minimum diffusion coefficient is D = 4.1810 x 10~1 3 m 2 /s. Assuming that at that height (4.15 m), capillary suction is minimum (the concrete is nearly saturated), the real apparent diffusion coefficient should be slightly inferior to 4.1810 x 10~1 3 m 2 /s. A convection-diffusion model is used in order to achieve a better comprehension of the experimental results. Capillary suction is often modelled by means of a convective term [18] . When concrete absorbs liquid water containing chlorides due to capillary suction, the ions are transported by the convective flow of the pore solution. The convection-diffusion problem depends on the convection velocity and the diffusion coefficient. As mentioned before, the latter should not be influenced by the environment and should be slightly inferior to 4.1810 x 10~1 3 m 2 /s. Therefore, one single diffusion coefficient was used and was chosen to be D = 4 x 10~1 3 m 2 /s. The initial condition C 0 was set to C 0 = 0.007% as in the diffusion model.
Equivalently, diffusion coefficients listed in
Several authors propose convection-diffusion models in order to predict chloride ion transport into non-saturated concrete. The convection term of the convection-diffusion problem used by Guzman et al. [18] is: (5) where h is the relative humidity, D h the apparent diffusivity that takes into account humidity, temperature and equivalent hydration time, and C} the free chloride concentration. Since no humidity tests were performed on the samples, the convection term was taken to be:
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The one-dimensional convection-diffusion equation for divergence-free velocity field is given by:
As in the diffusion model, the apparent diffusion coefficient is taken to be a constant, which reduces Eq. (7) to:
Eq. (9) was solved by means of the finite element method, implemented in MATLAB, using a Taylor series expansion for the time discretization and a classical Galerkin formulation for the space discretization. The finite element solution of the convection-diffusion problem was then fitted to the experimentally obtained data, in order to obtain the convection velocity and the surface concentration. Results of u and C s for the northern side are listed in Table 5 . Figs. 11-13 show the finite element solution fitted to the experimental data.
Results of u and C s for the western side are shown in Table 6 .
Figs. 14-17 show corresponding curves.
The results show that the convection velocity increases with height, as expected. It is important to highlight the fact that the surface concentration does not determine the behaviour of the material. For instance, comparing profiles from the same side and the same height, like 05BW and 06BW (Fig. 16) the model adjusts to the experimental data using the same values for D and u and different values for C s . These different values for C s can be attributed to salt crystallization and different surface pore sizes. Furthermore, one can easily see that the convection velocity in the northern side of the platform is about double the velocity in the western side. This can be explained by the wetting-drying cycles which are much stronger in the northern side due to the trade wind. Fig. 18 represents the probability for the chloride ions to reach the rebar with a concentration of 0.4% with respect to cement mass in function of time [19, 20] . The failure probability exceeds 10% for 10 years of service life in the northern side and for 22 years of service life in the western side. This is in agreement with the difference between the convection velocities in the northern and those in the western side of the platform.
Conclusions
Chloride penetration into non-saturated concrete cannot be represented exclusively by diffusion transport mechanisms.
The application of the model which considers simultaneously diffusion and convection as transport mechanisms in specimens obtained from an oil platform offshore leads to the following conclusions:
Considering simultaneously diffusion and convection in order to explain chloride penetration in non-saturated conditions in marine environments, allows a better understanding of the experimentally obtained chloride profiles and a better evaluation of the material's resistance to chloride transport.
Modelling chloride ion transport considering simultaneously diffusion and convection permits the use of an intrinsic diffusion coefficient of the material. The variations observed in the chloride profiles can be interpreted by the change of the interior humidity which is determined by the different environmental conditions. These different environments are taken into account by means of the convection velocity which is directly proportional to the height above mean sea level.
The convection velocity depends on the orientation of the face of the platform as well. This is due to the different wave actions. Indeed, the waves are more intense in the northern side than in the western side.
Extrapolating the error solution results in overestimated values for the surface concentration. By consequence, this leads to overrating the resistance to chloride penetration of the material in terms of the diffusion coefficient. Application of the latter would then overestimate the service life of the concrete structure.
